Abstract
INTRODUCTION
Currently there is a broad international collaboration underway aimed at defining the microbiome (http://nihroadmap.nih.gov/hmp/) on the internal and external surfaces of the human body [Human Microbiome Project (HMP)]. The goals of the HMP collaborative project are to determine a core microbiome, assess how it changes during disease, and establish whether a change in the microbiome is associated with disease. It is anticipated that knowledge gained from the HMP will shed light on the etiology and pathogenesis of idiopathic chronic diseases that have a high impact on human health.
The human body is a highly complex conglomeration of human cells, bacteria, Archaea, fungi, and viruses, in which the number of microbes outnumbers the human cells by a factor of 10 to 1. Despite their intimate association, the microbial influence upon human development, physiology, immunity, and nutrition remains largely unstudied. This can be partly attributed to the lack of robust techniques needed for exploring a complex microbial community.
Previous attempts to fully characterize the human microbiome have had certain limitations. The classical method of culturing bacteria from human subjects excludes a large number of unculturable or not-yetcultivated bacteria, and also misrepresents the abundance of some species due to selection by culture conditions. To overcome these drawbacks, culture-independent methods have been developed. The most commonly used cultureindependent method relies on amplification and analysis of the 16S rRNA genes in a microbiome [1] . 16S rRNA genes are widely used for documentation of the evolutionary history and taxonomic assignment of individual organisms [2] [3] [4] [5] [6] because they have highly conserved regions for construction of universal primers and highly variable regions for identification of individual species [7] . Analysis of a microbiome is classically performed by amplifying all 16S rRNA genes in a sample, cloning the 16S amplicons into a vector transformed into Escherichia coli (E. coli), randomly selecting transformed colonies, producing high copies of the amplicon containing plasmid, purifying the plasmids, and sequencing the 16S rRNA inserts by the Sanger method [8] .
Advantages of this protocol are potential identification of both cultivatable and uncultivable organisms and acceptable adequacy of single pass Sanger sequencing of 900-1000 bases for classifying bacteria. Disadvantages include annealing bias [9] , cloning bias [10] , as well as time and expenses. The high cost associated with this approach has been prohibitive for in-depth sampling of a complex microbiome. Inadequate sampling overlooks low abundance species. As a result, a low abundance species that could be a microbiome core species often cannot be consistently observed amongst different individuals. For example, a recent 16S rRNA gene survey of the human distal esophageal microbiome yielded 6800 sequences but revealed only one of the 166 species, Streptococcus mitis, shared by all 34 subjects sampled [11] . High throughput sequencing technology introduces a new way to perform microbiome surveys without limitations of cloning/Sanger sequencing. One 454 sequencing run can produce 1.2 million sequences in 8 h [12] , which would require months or years of work with older methods. Because many sequences are acquired in one run, the unit cost per sequence read is a very small fraction of that for Sanger sequencing. This improvement allows sufficient sampling of a complex microbiome at affordable cost. The new technology also eliminates the cloning bias by directly sequencing the 16S rRNA genes generated by polymerase chain reaction (PCR). Therefore, high throughput sequencing is ideal if adaptable to meet the requirements needed for microbiome work.
The main limitation of high throughput sequencing is read length. Reads from next generation sequencing technologies are considerably shorter than those from Sanger sequencing. Illumina's Solexa and Applied Biosystem's SOLiD platforms generate reads of about 25-100 bases [13, 14] , while 454 sequencing technology reads up to 400-500 bases per sequence. The general approach to analyzing microbiomes in health and disease focuses at 2 levels. Population level analyses, such as the Fst test, P test, Unifrac analysis, clustering analysis, and normal reference range, relate samples of microbiomes by combined genetic distance between the samples. These types of analyses are relatively insensitive to variation in read length [15] . In Unifrac clustering analysis, reads of 100-200 nucleotides can yield the same clustering as full-length sequences if the correct regions are chosen for sequencing. Detailed analyses at the level of the operational taxonomic unit (OTU) depend on read length -the longer the more accurate [16] . Compared with full length sequences, single pass reads of approximate 900 bases (of full length 1500-1600) from Sanger sequencing is associated with a slight loss of classification accuracy, which has been acceptable considering the significant reduction in sequencing cost from sequencing the entire 16S rRNA genes.
In the recent studies utilizing 454 sequencing technology to perform 16S rRNA gene surveys of microbiomes [17] [18] [19] [20] , a major concern has been reduction of classification accuracy with short sequence reads. Several strategies have been tried to maximize the information obtained from short sequences. One is to utilize a pairedend sequencing strategy to increase sequence length [21] . Another is to target certain hypervariable regions (HVR) that are most informative for a specific microbiome of interest. Currently, various HVRs, individually [17, 19] or in combination [18, 22] , have been used in analysis of a microbiome but their efficacies often are not validated.
Early studies using Sanger sequencing revealed interesting associations between human microbiomes and disease, such as that seen between the human foregut microbiome, dental/periodontal diseases and gastroesophageal reflux diseases (GERD) [11, 23, 24] . To further study such associations, the Human Microbiome Project [25] (part of the NIH Roadmap Initiative) currently supports in-depth analysis of the association between the human microbiome of various anatomical sites and related diseases. Our area of focus is the foregut microbiome during disease progression from GERD to esophageal adenocarcinoma (the fastest increasing cancer in the Western world). As the first step of the foregut microbiome project, we identified the most informative HVRs, and designed and validated a broad range primer set most suitable for the foregut microbiome. These will be used to facilitate our in-depth analysis of the human foregut microbiome and its role in GERD-related disease progression.
MATERIALS AND METHODS

Sequence collection
Sequences collected for our in silico analysis were obtained from separate, previously conducted 16S rRNA gene surveys of 3 foregut sites. Esophageal 16S sequences (6800) were obtained from research by Yang et al [11] , oral 16S rRNA gene sequences (2458) were from research by Aas et al [26] , and gastric 16S rRNA gene sequences (839) were from research by Bik et al [27] , totaling 10 097 sequences. In addition, we removed sequences that were derived from patient gastric samples with Helicobacter pylori (300), chimera sequences (127), as well as sequences with more than 8 bases missing after E. coli position 27 (186). The final foregut dataset contained 9484 sequences (2373 oral, 6626 esophageal, 485 gastric). These sequences were represented by 220 species. Because 16S rRNA-based operational classification criterion does not have sufficient discriminatory power to differentiate between Streptococcus pseudopneumoniae and Streptococcus pneumoniae [28] , as the two species differ by only 5 base pairs (bp) between their 16S rRNA genes corresponding to a 0.03% difference (16S-based operational threshold for separation between two species is 3% diversity), they were considered as one species in this study. As a result, 219 species were represented in the dataset.
Sequence alignment
The 219 16S rRNA gene sequences were aligned using the NAST alignment program [29] . The program was set to recognize sequences at least 1250 bases long with at least 75% identity. Because NAST may remove bases not found to be sufficiently homologous, and thus unalignable, several sequences were truncated after alignment, particularly at the 5' end. The missing portion of these sequences was manually replaced after alignment with the corresponding region from the GenBank sequence of the same species so that all 16S sequences would be complete, beginning from position 28 of the E. coli 16S rRNA gene.
Amplicon design
To simulate the sequence data that would be obtained using specific primer pairs, representative amplicons were constructed from full length 16S rRNA gene sequences. The criteria for design of the representative amplicons was based on 454 requirements. Amplicons could be no more than 600 bases in total (including primers and nucleotide barcode) for optimal emulsion PCR. Because on average 454 read lengths are approximately 400 bases, only the portion of the amplicon that would be sequenced was considered. For example, for a forward read amplicon of a total 500 base pairs with 50 bases of forward primer and nucleotide barcode, only the first 350 bases after the primer would be read, with the final 50 bases ignored. These amplicons were designed using 6 universal primer sets from the European Ribosome Database [30] as shown in Table 1 .
Sequence trimming
The simulated amplicons were generated by trimming full length sequences of the 219 foregut species using the MEGA version 4 program (MEGA4) [31] . Aligned FASTA sequences were uploaded onto MEGA4, with the sequence file including an aligned E. coli 16S rRNA gene sequence as a positional template.
To simulate data that would be obtained by cloning/ Sanger sequencing methods, amplicons of approximately 900 bases downstream of the starting position were first generated for the 219 sequences. These amplicons were used to theoretically compare how reads obtained by 454 sequencing technologies would compare to Sanger sequence reads. The 8F primer was located in the 219 aligned sequences (bases [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ) and all bases upstream of 28 were deleted. The gaps from the aligned sequences were then removed, and all bases downstream of 928 were deleted leaving the sequences between positions 28 and 928 in E. coli (900 bases total) as a reference for the Sanger sequencing data that would be obtained for the 219 species.
For length-based amplicon comparison, aligned sequences were again trimmed upstream of E. coli position 28, representing the first base after the 8F forward primer. This E. coli position 28 was set as base #1. All gaps were then deleted from the aligned sequences and downstream bases were trimmed to leave amplicons with 900, 800, 700, 600, 500, 400, 300, 200, 100 and 50 bases. These were compared against full length 16S rRNA gene sequences for classification accuracy.
For amplicons based on different primer sets (within varying regions of the 16S rRNA gene), sequences of reverse and forward reads from both ends of the amplicons were analyzed. To trim full length sequences to the amplicons of interest, the position of the forward or reverse primer was first located by searching for the primer sequence. For theoretical forward reads of the amplicons, the sequence upstream and including the forward primer was deleted. Gaps were then deleted in the aligned sequences leaving all sequences with the base after the forward primer as base #1. From this position, the site of 350 bases downstream of position #1 was determined, and all bases downstream of #350 were deleted. This represented 454 sequencing's ability to read the 350 bases downstream of the primer (after the first 50 or so bases of the primers and barcodes were read). For theoretical reverse reads of amplicons, the position of the reverse primer was located as before. From the 3' end of the reverse primer complement (sense strand) the first base of the sequence of interest was designated position #1'. Using the E. coli 16S rRNA gene as a reference, the site of 360 bases upstream of base #1' was determined and set as #360'. All bases upstream of #360' were deleted. The gaps in the aligned sequences were then deleted and the number of bases in each sequence was determined. For any sequences with more than 350 bases, extra bases were removed manually from the 5' end so that all sequences were 350 bases long. All sequence trims were then saved as FASTA files for analysis.
Sequence classification and comparison of amplicon accuracy
Sequence trims for size and designed amplicons were classified at the phylum to genus level using RDPⅡ Classifier [32] and at the species level using RDPⅡ Seqmatch [33] . For classification at the phylum to genus level, FASTA files were uploaded onto the RDPⅡ Classifier at 80% confidence threshold and results were viewed at a display depth of 7 to see assignment data down to the genus level. The resultant classification dataset for the trimmed sequences was individually compared to the dataset obtained using full length sequences and/or 900 bp Sanger length sequences. The number of discrepant assignments was recorded.
For classification at the species level, FASTA files were uploaded onto RDPⅡ Seqmatch. The following parameters were selected: typed and non typed strains, uncultured and isolates, ≥ 1200 bases, good quality, nomenclature taxonomy. The species classification of every sequence was individually analyzed and compared to the species that the full length version of the sequence was assigned to, as described previously [11] .
Homology between universal primers and foregut bacterial species Universal 16S rRNA primers were obtained from the European ribosomal RNA database [30] . The primer sequences are shown in Table 1 . Determination of the percentage of the 219 foregut species with the exact primer sequence was done using MEGA4 software [31] .
Evaluation of the universality of the foregut primers in the domain Bacteria
The optimized primers were searched using Probe Match against the bacterial 16S rRNA gene database at Ribosomal Database Project (http://rdp.cme.msu.edu).
RESULTS
Accuracy of taxonomical classification is dependent on amplicon length
To compare shorter reads that would be obtained with high throughput sequencing against longer reads that would be obtained using Sanger sequencing, we performed in silico analysis; looking at the capability of different length 16S rRNA gene sequences to accurately classify foregut bacteria. Using full length sequences from 219 representative foregut species, we created sequence truncations that were 50-900 bases long beginning from base 28, the first base after the 8F primer. A length of 900 bases was chosen as the longest sequence to analyze because it is the length of a single pass Sanger sequence and generally accepted as accurate taxonomically. Each of the truncated versions of the 16S rRNA gene sequences was analyzed using RDPⅡ classifier down to the genus level. The results showed that loss of classification accuracy was length dependent (Figure 1 quence, 90.0% for 400 bases, and 81.7% for 200 bases).
Once the sequences became smaller than 200 bases, the classification accuracies decreased considerably, with the 100 base sequence having only 61.2% accuracy and the 50 base sequence having only 8.2% accuracy at the genus level. Overall, for identification at the genus level, the data showed that sequence sizes generated by Solexa or SOLiD platforms would have drastically lower classification accuracies (less than 50 bases, 8%-61% accuracy) than those sequence sizes generated by 454 technology (over 400 bases, over 90% accuracy).
Accuracy of taxonomical classification varies with the region of the 16S rRNA gene sequenced
The 16S rRNA gene contains 9 defined HVR [7] . These HVRs are of varying usefulness in classification depending on which species is being classified [22] . Therefore it would be necessary to choose the most informative region to sequence if less than 400 bases can be covered. To determine which region provided the most accurate classification data for the 219 foregut representative species, we undertook an analysis of different 350-bp regions of the 16S rRNA gene.
In the above size-based analysis, the 350-bp amplicon (determined to have 86.8% classification accuracy) (Figure 1 ) was located at the beginning of the 16S rRNA gene, starting immediately after the 8F primer, spanning bases 28-428 and including HVRs 1 and 2. To identify other potential 350-bp regions within the 16S rRNA gene that may have better classification accuracy, we analyzed 6 350-bp regions that simulated amplicons generated using various combinations of universal primers and covered the 9 HVRs (Table 2 ). Sequence reads from the designed amplicons were simulated by trimming the full length 16S rRNA gene sequences of the 219 foregut species as described in Materials and Methods. Because all amplicons were longer than the maximum read length of 454 technology, 2 sequence reads were simulated from the amplicons. A forward read, analyzing the first 350 bases from the 5' end of the sense strand, and a reverse read analyzing the first 350 bases from the 3' end. In total, 6 amplicons were created (A-F), and 12 reads were analyzed (forward reads A-F and reverse reads A'-F'). The location and direction of the reads from these amplicons is illustrated in Figure 2 .
Using the RDPⅡ classifier, we evaluated the classification accuracy of the 12 reads at the phylum, class, order, family, and genus levels ( Table 3) . At the phylum level, classification accuracies for the 12 proposed reads ranged between 97.7% and 100% and at the genus level from 84.5% to 91.8%. Read B' was the most accurate at the genus level, covering bases 433-783 including the HVR 3 and 4. Its accuracy vs the 900-bp Sanger mimics was 93.6%.
To determine the classification accuracy of sequence read B' at the species level, we used the B' region from the full length 219 foregut species sequences and assigned each B' sequence to a species level operational taxonomic unit (SLOTU) using RDPⅡ Seqmatch. The assigned SLOTUs using sequence read B' were compared to the SLOTUs assigned with full length or 900 bp 16S rRNA gene sequences. At the species level 14 of the 219 foregut species were misclassified vs full length sequences (93.6% accuracy) (Table 4 ), compared to 10 of the 219 foregut species misclassified vs 900 bp sequences (95.4% accuracy) (data not shown).
It is important to note that our species level analyses of amplicon B' was an unweighted analysis where each species was represented equally. Because not all of the 219 species are equally represented in the foregut, we used the results of the species level classification along with the experimentally determined relative abundance of each species in the foregut to give a weighted accuracy value. This provided a relative value of how many total sequences might be misclassified instead of how many species are misclassified. The relative abundance of each species in the foregut was based on the number of sequences of each species found in the foregut.
Of the 9484 sequences from the 3 studies, 671 would have been found to be classified inaccurately with amplicon B', or approximately 7% giving a weighted species level classification accuracy of 92.9% for amplicon B' (unweighted was 93.6%). Of those 671 sequences misclassified using sequence read B', about half (369, or 55.0%) belonged to Prevotella melaninogenica and a significant number (193, or 28.8%) belonged to Streptococcus infantis, which was incorrectly identified as Streptococcus mitis.
Next, we directly examined the efficacy of amplicon B' with every sequence from the esophageal study (n = 6800). The oral and gastric sequences were not analyzed because some were too short to span the full amplicon B' region. We compared the taxonomical classifications obtained using the amplicon B' truncations to those obtained using the original sequences (approximate 900 bp in length). Amplicon B' accurately classified 6332 of the 6800 sequences (93.1% accuracy) at the species level. The 468 misclassified sequences belong to 14 species (Table 5) .
Optimization of primers used to generate amplicon B'
To maximize the probability of amplifying all bacterial species in the foregut, the 343F (15mer between positions 343 and 357) and 798R (15mer between positions 784 and 798) primer set were examined against 16S rRNA genes from these species to determine their universality. Of the 219 species, 217 (99.1%) had 100% homology to 343F and 197 (90.0%) had 100% homology to 798R. While the 343F primer had favorable homology with all sequences, it was extended 8 bases to position 365 and deleted 4 bases between positions 343 and 346 because the original primer sequence was too short, having a low melting temperature that would not have worked with PCR conditions when used in tandem with the 798R
primer. This new primer, designated as 347F is a 19mer but this modification resulted in only 113 sequences (51.6%) with 100% homology. The 798R primer was also lengthened to base 803, but shortened from 784 to 785 to ensure CG at 5' end of replication and to bring the melting temperature closer to the forward primer's. This modified primer, designated as 803R is a 19mer and the modification resulted in only 180 sequences (81.4%) with 100% homology. To improve the universality of the modified 343F and 798R primers, we analyzed both at each individual base (Figure 3) . For both the modified 343F and 798R there are positions of relatively low consensus. In the modified 343F, the consensus bases at positions 359 and 360 match with only 77.2% and 74.4% of the 219 species, respectively. In 798R, the consensus bases at positions 798 and 784 have 90.0% matches, respectively. To improve on these mismatches degenerative primers were constructed. Thus bases 359 and 360 in the modified 343F were changed from G (guanine) to R (guanine or adenosine). For 798R, base 798 was changed from A (adenosine) to R (guanine or adenosine) resulting in improved base matching as shown in Figure 3 . The optimized 347F was 100% homologous with 205 Figure 2 Design of amplicons for in silico evaluation. Amplicons designed using the 6 universal primer sets as described in Table 3 were evaluated for theoretical forward and reverse reads. The schematic shows the relative position of each amplicon read and read direction, as well as which bases would be included in the sequence. The positional template is the Escherichia coli (E. coli) 16S rDNA gene with the approximate locations of the hypervariable regions labeled.
(93.6%) species and 803R had 100% homology with 209 (95.4%) species. The sequences of the optimized primers are 5'-GGAGGCAGCAGTRRGGAAT (347F) and 5'-CTACCRGGGTATCTAATCC (803R).
347F/803R primer set has a broad taxonomic coverage of domain bacteria
The 347F/803R primer set has a broad taxonomic coverage of common foregut bacterial species identified from the limited number of sequences generated by Sanger sequencing, but deep sampling of the foregut microbiome by 454 sequencing will uncover numerous species that were below the detectable level by Sanger sequencing. To evaluate their potential to detect species not included in the foregut dataset, 347F/803R primer sequences were searched against the 16S rRNA gene database at RDP (http://rdp.cme.msu.edu/). The database has a collection of 16S rRNA genes from 5165 type strains and 433 306 high quality, near full length 16S
rRNA genes from both cultured and uncultured bacterial species, representing 36 phyla. For optimized primer 347F, the introduction of ambiguity codons improved the coverage to 91.1% from 65.7% for the type strain sequences and to 90.4% from 63.7% for all 16S rRNA genes (Table 6 ). In comparison, the optimized primer 803R had an identical match with 91.8% of the type strain sequences and 84.9% of all 16S rRNA genes. Assuming a typical PCR can tolerate 2 mismatches between a primer and a template, the modified 374F will be able to anneal 99% of the type strain sequences and 98% of all 16S rRNA genes, compared with 99.9% and 99.6% for 803R primer, respectively.
DISCUSSION
The introduction of next generation sequencing has been a boon to many fields of research, but has not yet been fully applied to microbial ecology. One reason for To have a better homology between the primers and the foregut 16S sequences, the bases with significant mismatch were adjusted to result in lower % mismatch. This was accomplished by changing 798A to R (increasing match from 197 to 213/219) and by changing 359G and 360G to R (increasing match from 169 and 163 to 212 and 219/219, respectively). Further modifications of primers were made to make them more suitable for polymerase chain reaction (PCR) reactions. R primer 5' end was shifted from 798 to 803, and 3' end from 784 to 785. F primer 5' end was shifted from 343 to 347 and 3' end from 357 to 365. These changes provided suitable melting and annealing temperatures for the designed primer pairs in our PCR reactions. Resulting primers were designated 347F and 803R. this is that previous read lengths of approximately 200 bases for 454 sequencing were not sufficient to accurately classify bacteria based on their 16S rRNA genes [33] . However, with the recent improvements to 454 sequencing which allows for longer (approximately 400 base) read lengths, this is now changing.
B A
This increase in read length greatly improves 454's applicability to 16S rRNA gene studies. We have shown that read lengths comparable to current 454 output (300-400 bases) give satisfactory 16S rRNA gene classification of bacteria at the genus and species level while shorter read lengths (such as those from Solexa and SOLiD technology) do not. However, with a change in sequencing read lengths of 16S rRNA from about 900 bp (as is commonly used with Sanger sequencing) to read lengths of 400, it is important to revisit which portion of the 16S rRNA gene to focus on to gain the most information from shorter reads. With the selection of the most informative stretch of the 16S rRNA gene, it is also important to ensure that the designed primers achieve a level of universality to be able to detect a wide array of microbial species. Although the primer pairs we chose to analyze were already available from the European Ribosomal Database, Wang has recently reported coverage rates of existing and predicted primers which span various regions of the 16S rRNA gene [34] . Some of those predicted primers with good coverage overlapped those that we had chosen.
Using the designed primers and 454 sequencing data, a complex microbiome can also be characterized by the relative abundance of 16S rRNA genes representing bacterial species in the microbiome, by assigning the 16S genes to specific species and calculating their relative weights. This is a much more accurate method of determining species relative abundance within the microbiome than the traditional methods such as colony forming unit counting (which is biased against fastidious bacteria) or cloning (which may be skewed due to cloning bias). As a comparison, the absolute amount of 16S rRNA genes from each organism can be determined by quantitative PCR (qPCR) but the number of species that can be tested in qPCR is limited.
The primer pairs we analyzed could theoretically be used for a wide range of bacteria-containing sources, such as environmental and clinical samples. By concentrating on species known to reside in the foregut (mouth, esophagus, and stomach), we have confirmed that 454 sequencing is an appropriate method for 16S rRNA gene analysis of the foregut microbiome. Careful choice of our primer set allowed us to find a region of the 16S rRNA gene that gives maximum classification accuracy within the current size limitations of 454 sequencing. This region was between the universal primers 343F and 798R, encompassing bases 361-784 and HVR 3 and 4. Focusing on just the 219 species of the foregut also allowed us to tailor our primers for better match, resulting in optimization of primers 343F and 798R (which we have modified to 347F and 803R).
We are using these primers in several foregut microbiome projects including one supported by the Human Microbiome Project. Without the time and cost restraints of cloning, 454 sequencing will allow us to analyze many more sequences than in previous foregut microbiome research (thousands vs 50-200 sequences per sample as was done previously). We expect that this more in-depth analysis of the foregut microbiome made possible by 454 sequencing will allow us to more clearly characterize the association between commensal bacteria of the esophagus and GERD-related esophageal disease progression to esophageal adenocarcinoma. In addition to identifying bacteria already shown to occupy the foregut, 454 sequencing will broaden the range of bacteria found within the human foregut with the increased coverage. This may lead to discovery of additional species, as well as previously undiscovered species, residing within the human foregut and a more accurate estimation of the species diversity of the foregut in normal and disease conditions. Any species that was not included in our computational analyses will have a good chance of being identified by the foregut primers, based on our data showing the broad taxonomic coverage of these primers within domain bacteria. Thus, even though these primers were optimized for foregut species, they could potentially be used for other 16S rRNA based applications such as microbiome analysis on other anatomic sites or environmental samples. These carefully selected and designed primers will be essential tools in our efforts to harness the maximum potential that 454 sequencing offers to the field of microbial ecology of the human body.
COMMENTS
Background
The study of the human foregut microbiome has generated interest recently because of its association with gastroesophageal reflux disease-related complications. New technologies, such as 454 pyrosequencing, have increased the capability and scope of the study of complex microbiomes but have not yet been adapted for use with foregut microbiome samples. 
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